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Interaction of an electron system with a strong electromagnetic wave leads to rearrangement both the electron and 
vibrational energy spectra of a dissipative system. For instance, the optically coupled electron levels become split in the 
conditions of the ac Stark effect that gives rise to appearance of the nonadiabatic coupling between the electron and 
vibrational motions. The nonadiabatic coupling exerts a substantial impact on the electron and phonon dynamics and 
must be taken into account to determine the system wave functions. In this paper, the vibronic coupling induced by the 
ac Stark effect is considered. It is shown that the interaction between the electron states dressed by an electromagnetic 
field and the forced vibrations of reservoir oscillators under the action of rapid changing of the electron density with the 
Rabi frequency is responsible for establishment of the photoinduced vibronic coupling. However, if the resonance 
conditions for the optical phonon frequency and the transition frequency of electrons in the dressed state basis are 
satisfied, the vibronic coupling is due to the electron-phonon interaction. Additionally, photoinduced vibronic coupling 
results in appearance of the doubly dressed states which are formed by both the electron-photon and electron-
vibrational interactions. 
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I. INTRODUCTION 
The optical properties of some solid state systems are 
substantially determined by vibronic coupling (VC) [1]. 
Among these systems are molecular crystals [2], 
semiconductor quantum dots (QDs) [3], rare-earth (RE) ion 
doped crystals [4], and nitrogen-vacancy (NV) centers in 
diamond [5]. The listed materials have rich vibrational 
spectra associated with the molecular dynamics in a 
dissipative medium. However, the strength of the VC for 
these materials is different. The VC in molecular crystals 
and QDs is relatively weak while the materials with 
molecules formed by the crystal lattice defects (RE ions, 
and NV centers in our list) exhibit the especially strong VC. 
In  the  latter  case,  the  strong  VC  is  provided  by  the  
nonadiabatic interaction between the localized vibrational 
modes and electrons [6, 7]. 
Interaction of a dissipative system with a strong 
electromagnetic field may lead to enhancement or, even, to 
appearance of the VC which is absent without a field. Such 
situation is present due to changing the energy spectrum of 
both the electron [8, 9] and vibrational states [10] in the 
field of a strong electromagnetic wave. In the case of the ac 
Stark effect, electron levels of the system become split with 
the energy gaps which are comparable with the energies of 
vibrational modes. Therefore, the electron and vibrational 
motions in a dissipative system cannot be separated, and the 
nonadiabaticity of coupling must be taken into account 
[11]. At the same time, the Rabi oscillations of the electron 
density lead to the periodic displacement of equilibrium 
positions of reservoir oscillators [12, 13] that means 
appearance of an additional mode in the vibrational 
spectrum. It is worth to note that formation of the vibronic 
states  in  the  conditions  of  the  ac  Stark  effect  can  be  
interpreted as a manifestation of the pseudo-Jahn-Teller 
effect [14] in the electron-photon system. In this case, a 
strong electromagnetic field both removes the degeneracy 
that exists in the system consisting of the electron and 
photon subsystems and creates a new basis of states, so-
called dressed states (DSs), which have closely spaced 
energies. Since the reservoir vibrational modes are able to 
mix the closely spaced DSs, the photoinduced VC (PIVC) 
can be established. The dynamical enhancement of the VC 
in the InGaAs QDs in the presence of an intense optical 
pulse was observed in recent experiments [15]. It was 
shown in Ref. [15] that at low light intensities the electron-
phonon coupling in QDs was relatively weak while at high 
light intensities the coupling with acoustic phonons was 
enhanced. 
In this paper, we consider the PIVC in two-level 
dissipative systems (TLDS) taking into account different 
vibrational modes. In Sec. II, we propose a physical 
mechanism of formation of the VC with use of DS picture. 
The mechanism is based on appearance of the forced 
vibrations of reservoir oscillators under the action of rapid 
changing of the electron density with the Rabi frequency 
and back action of the photoinduced vibrations on the 
electron density. Then, contributions of the different 
vibrational modes into the PIVC are discussed. In Sec. III, 
we present the photoinduced vibronic states (PIVSs) as the 
doubly dressed states (DDSs) formed by the interaction of 
electrons with the optical phonon modes or the forced 
vibrations of reservoir oscillators. 
II. MECHANISM OF VIBRONIC 
COUPLING FORMATION 
A two-level electron subsystem interacting with a strong 
monochromatic electromagnetic field and a phonon 
reservoir is considered. The Hamiltonian of the system can 
be written as 
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Here, İ is the energy difference between the ground 1M  
and excited 2M  electron levels; c and c+ are the 
annihilation and creation operators of the photon of 
frequency Ȧ0; g0 is the coupling strength of the electron-
photon interaction; ız, ı+, and ı- are the Pauli operators; 
Hpn0 is the Hamiltonian of the non-interacting phonon 
subsystem; Ve-pn is the electron-vibrational interaction 
Hamiltonian. In Eq. (1) we divided the total Hamiltonian 
into two parts in order to include the electron-photon 
interaction into the zeroth-approximation. The first part 
contains the electron and photon subsystems and their 
interaction in the dipole approximation and rotating wave 
approximation (RWA) and the second part involves the 
operators related to the vibrational subsystem. 
The solution of the Schrödinger equation for the 
Hamiltonian H1 can be written in the basis of the DSs. It is 
well known that a form of the solution depends on initial 
populations of the states. If initially only the ground 
electron state is populated as will be assumed in what 
follows, the solution has the form [16] 
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Here, Cm is the initial probability amplitude for the state 
with m photons; n is the number of phonons; ȍ is the off-
resonance Rabi frequency; į is the detuning of the optical 
field with respect to the electron transition frequency. It 
should be stressed that the wave function of Eq. (2) is 
defined for the instant start of the electron-photon 
interaction in the so-called diabatic case [16]. We present 
the DSs in the following form for convenience of further 
consideration 
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Then, including H1 into the zeroth-approximation 
Hamiltonian of H2, we define the matrix element of the 
electron-vibrational interaction operator as 
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Eq. (4) determines the electron-vibrational interaction in the 
electron-photon system and can be written in two different 
bases, in the basis of the bare states (BSs) and in the basis 
of the DSs [see Eq. (2) and (3)]. The energy separation 
between the DSs, 2ƫȍ, is comparable with the vibrational 
energy of reservoir modes and, therefore, the DSs can be 
mixed by the electron-vibrational interaction. By contrast, 
the  BSs  are  mixed  by  the  electron-photon  interaction  that  
gives rise to the electron density oscillations with the Rabi 
frequency. The oscillations of the electron density initiate 
the forced vibrations of reservoir oscillators between 
equilibrium positions of the ground and excited BSs. In 
order to take into account the effect of displacement of the 
equilibrium positions (EDEP) of vibrational coordinates, 
we leave in Eq. (4) only the non-diagonal matrix elements 
in the DS basis and write these elements using relationships 
of Eq. (3). Thus, the non-diagonal part of Eq. (4) in the 
basis of the DSs takes the form 
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The next step of our consideration is to define the matrix 
elements ijV  in the basis of the BSs taking into account the 
EDEP. In our consideration, we assume that the TLDS state 
can be presented as a product state which is composed by 
its subsystem states in the zeroth-approximation of the 
electron-vibrational interaction. At the same time, it is 
worth to note that the phonon functions associated with the 
ground and excited electron states are different and not 
orthogonal. Orthogonality of the system states exists due to 
the electron wave functions. Thus, the photoinduced 
displacement of equilibrium positions of vibrational 
coordinates gives rise to renormalization of the phonon 
frequencies. Since this frequency effect does not participate 
in the PIVC formation, we will neglect it in the further 
consideration. Then, to take into account the EDEP, we will 
discriminate the non-interacting phonon Hamiltonians 
related to the ground and excited BSs. Therefore, the 
displacement operator appears only in the phonon 
Hamiltonian of the excited state. 
In the first order with respect to the small displacements, 
we introduce the operator [17] 
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Here, bk,s and bk,s+ are the phonon annihilation and creation 
operators of mode s, wave vector k, and frequency Zk,s; 
ek,sD are the normalized polarization vectors of vibrational 
coordinates for an D-type oscillator of mass mD; N is  the  
number of reservoir oscillators; ǻl,D is the displacement 
operator related to the D-type oscillator position labeled by 
l; Rg and Re are the equilibrium positions of oscillations of 
the normal coordinates associated with the ground and 
excited BSs, respectively. 
Then, we present the electron-vibrational interaction 
operator as an expansion of the Taylor’s series in the 
displacements in the following form 
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We consider the second term which has the first order with 
respect to the displacements. Taking use of the Fourier 
series decomposition 1( ) ( ) iV N v e  ¦ k r
k
r k  and 
presenting the displacements via second quantization 
operators 
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we can write the matrix element related to the ground state 
in the usual form 
1
11 11V V c   , 
 , ,, ( ) , ,
, ,
1s si t i ts l j i tlj lj s s
s n
V g e n e n eZ ZG c   ¦ k kk k k
k
 ! ,
,,
,
( )
2
ss i
ij i j
s
i v
g e
Nm
D
D D
M M
Z
  ¦ kk k r
k
k e k
!
. (9) 
Here, gijk,s is the coupling strength of the electron-phonon 
interaction; nk,s is the phonon number of mode s and wave 
vector k; r is the position operator; v(k)  is  the  Fourier  
transform of the electron-vibrational interaction operator. 
To obtain the matrix element of the excited state, we make 
use of the Feynman formula for the “disentangling” of the 
exponential operator factor [18] 
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Thus, up to the first order with respect to the displacements, 
the remaining matrix elements have the following form (for 
details see Appendix A) 
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Here, mnV c'   are the terms that describe the contribution of 
the EDEP to the electron-vibrational interaction and mnV c  
are the terms that define the usual electron-phonon 
interaction [see Eq. (9)]. Consequently, the non-diagonal 
part of the electron-vibrational interaction in the DS basis 
can be represented as a sum of these two contributions. 
Substituting the expressions for the matrix elements of Eqs. 
(9) and (11) into Eq. (5), we obtain the EDEP contribution 
as 
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The obtained matrix element describes the vibrations of 
frequency 2ȍ under the action of the Rabi oscillations of 
the electron density between the BSs. The amplitude of the 
vibrations depends on the module of the displacement 
(factor fk,s), electron-phonon and electron-photon (factor 
m mU U
  ) coupling constants. Since the frequency of the 
vibrations is equal to the frequency of the electron 
transition between the DSs, these vibrations mix the DSs 
what stipulates the back action of the vibrations on the 
electron density. Thus, the interaction of Eq. (12) gives rise 
to appearance of the PIVC in the TLDS. At the same time, 
the electron-phonon interaction can also participate in 
establishment of the PIVC. Let us estimate the EDEP and 
phonon contributions to the non-diagonal part of the 
electron-vibrational interaction in the DS basis. Since the 
frequency of the photoinduced vibrations is resonant to the 
frequency of the DS transition, all of the reservoir 
oscillators irradiated by light make contribution in the sum 
over  a  wave  vector  [see  Eq.  (11)].  By  contrast,  the  main  
contribution to the VC is made by the acoustic phonon 
mode of a certain wave vector according to the resonance 
conditions. Therefore, the ratio of the acoustic phonon and 
EDEP contributions is proportional to 1/ 2N  . In the case of 
optical phonon modes, the ratio is inverse because these 
kinds of vibrations have a weak dependence of the wave 
vector. In this estimations, we use the fact that , 1/2~sijg N
k  
and 1/ 2, ~sf N

k .  However,  to  form the  PIVC with  use  of  
an optical phonon mode, we must fulfil the exact resonance 
conditions. Thus, the mechanism of formation of the PIVC 
in the TLDS depends on the energy domain of phonon 
modes. If the energy separation between the DSs is 
comparable with the energy quantum of an optical mode, 
the formation of PIVC is due to the electron-phonon 
interaction otherwise the PIVC is achieved by the 
interaction of electrons with the photoinduced vibrations. It 
is worth to highlight that the latter case is the most 
probable. 
III. PHOTOINDUCED VIBRONIC 
STATES 
Since the PIVC can be established by two ways 
depending on the energy separation between the DSs, we 
consider these two possibilities. Note that our consideration 
is close to the E e  problem [11]  which  is  related  to  the  
RE ion doped crystals [19]. In contrast to the considered 
case, the Stark splitting of the electron levels of an RE ion 
is due to the action of the crystal field of the matrix rather 
than an electromagnetic field. 
A. Vibronic states due to the interaction of electrons 
with optical phonons 
We use Eqs. (5) and (9) to determine the optical phonon 
contribution to the non-diagonal part of the electron-
vibrational interaction in the DS basis. Finally, the 
interaction Hamiltonian takes the form 
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Then, we assume that there is a resonance between the 
transition frequency 2ȍ of  the DSs and the optical  phonon 
mode of frequency Zop. For each selected mode, the 
Hamiltonian of Eq. (13) can be treated as the Jaynes-
Cummings interaction Hamiltonian. Transforming from 
matrix elements to the operators and introducing the parity 
operator, we get the interaction Hamiltonian in the 
following form [20] 
 ^ `  op op 0exp 1 B BV it B B it G B BZ  c   :  3  !
 ^ `opexp 1 B Bit B B itZ u   :  3 ,  1 b bzV 3    , 
xB bV , xB bV  . (14) 
Here, Ȇ is the parity operator. Since the Jaynes-Cummings 
Hamiltonian commute with the parity operator, the PIVSs 
in the DS basis can be written as 
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Here, signs + and – denote the even and odd parity, 
respectively. With use of the Schrödinger equation and the 
relations given in Appendix B, we get the following 
differential systems 
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Then, we assume the weak electron-phonon interaction that 
means using the RWA. Taking into account the parity of 
the numbers of phonon states, in the near-resonance 
conditions, Eqs. (16) transform into the following systems 
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The solutions of Eqs. (17) and (18) for different initial 
conditions are well-known (for instance see Ref. [21]) but 
in the considered case these solutions are divided into two 
groups according to the parity of the phonon number at the 
DSs. Properly speaking, we should take the parity 
considerations into account in Sec. II where the DSs have 
been  presented  but  we  omit  this  fact  for  simplicity.  Thus,  
the odd and even wave functions in the DS basis take the 
form 
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Moreover, these solutions can be written in three different 
bases (i) in the BS basis, (ii) in the DS basis, and (iii) in the 
basis of the doubly dressed states (DDSs). The DDSs are 
the states which are dressed first time by the electron-
photon interaction and second time by the electron-phonon 
interaction. In the DDS basis, the parity wave functions 
read as 
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Eqs. (20) are written with the initial conditions that 
correspond with the electron population of the DSs in the 
electron-photon system [see Eq. (2)]. Additionally, we 
assume that the TLDS state is initially a product state which 
is  composed  by  its  subsystem  states,  namely  
2 0.5 0.5(0)m m m nU U C D
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where Cm and D±n(0) are the initial probability amplitudes 
for the photon and phonon states, respectively. Since all the 
DSs have the same energy of photon states, we omit the 
temporal dependencies of photon states to make Eqs. (20) 
less cumbersome. 
B. Vibronic states due to the interaction of electrons 
with forced vibrations 
Using the interaction Hamiltonian of Eq. (12) and 
presenting the PIVSs as a linear combination of the DSs, 
we can define the coefficients of expansion from the 
following differential system 
2
1, 0 2,( ) ( )
i t
n nd t iF e d tt
 :w  w
, 
* 2
2, 0 1,( ) ( )
i t
n nd t iF e d tt
:w  w . (21) 
The solution of the system can be written in three different 
bases as it has been done in Sec. III A. In the considered 
case, the DDSs are formed with participation of the forced 
vibrations. Thus, the wave function takes the following 
form 
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The initial conditions for the coefficients d1,n and d2,n are 
the same as in the case of the optical phonons (see Eqs. (20) 
and paragraph below). Eqs. (22) show that the electron 
population in the TLDS oscillates between the DSs with the 
frequency ȍ1 and becomes equally divided between the 
DDSs. At the same time, the considered contribution of the 
electron-vibrational interaction does not describe the 
changing of the phonon states. In order to establish the 
coupling of the forced vibrations with the phonon modes, 
we must take into account the third term of the Taylor’s 
series expansion in displacements for the interaction 
operator of Eq. (7). Using the wave functions of Eqs. (22), 
the non-diagonal part of the quadratic interaction can be 
written in the following form 
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Then, we transform the DS basis to the BS basis and get the 
expression containing the matrix elements of the electron-
vibrational operator as it has been done before [see Eq. (5)]. 
The matrix elements of the electron-vibrational operator in 
the second order with respect to the displacements are 
defined in Appendix A. In the obtained expressions, we 
neglect the electron-phonon contribution and rewrite the 
EDEP contribution as 
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In this approximation, the non-diagonal part of the 
quadratic interaction can be readily found 
  12 2( )* * 2 *ED 1 2 1 2 1 22 i ti tm
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Here, hijk,s is the quadratic coupling strength of the electron-
phonon interaction. It can be seen from Eq. (25) that the 
PIVS spectrum has three frequencies, namely, 2ȍ, 2(ȍ – 
ȍ1),  and  2(ȍ +  ȍ1). Additionally, the diagonal matrix 
elements in the basis of the DSs give fourth frequency of 
ȍ1 (see  Fig.  1  in  Ref.  [22]).  This  quartet  resembles  the  
Mollow triplet [23] in the electron-photon system in the 
conditions of the ac Stark effect. 
Let us consider the term which defines the electron 
transition of frequency 2ȍ. Other terms of EDH cc  can be 
accounted in the same manner. We assume that there is a 
resonance between the transition frequency 2ȍ of the DSs 
and acoustic phonon mode s at the certain point k0. We also 
assume the weak electron-phonon coupling. These 
assumptions make it possible to use the RWA for the 
phonon mode. Finally, for each selected mode, (s, k0), we 
get the similar Jaynes-Cummings interaction Hamiltonian 
as  in  Eq.  (13).  The  final  PIVSs  in  the  DS  basis  take  the  
form of Eq. (15) with the parity functions of Eq. (19). In the 
considered case, the expansion coefficients can be found 
from Eqs. (17) and (18) with substitutions 0 1G Go  and 
00
G Go k  where 
01
2G Z : k , 
  0 00
2
* *
11 2 1 2 1 22
mCG F F W W W W     k kk . (26) 
For an exact resonance, the coefficient module squares can 
be written as 
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# . (27) 
Here, ȍ20 is the resonance frequency with į1 =  0.  The  
quantities mU
r  are  defined  after  Eqs.  (20).  Therefore,  the  
final PIVSs of the corresponding parity can be presented in 
three different bases in the same manner as the wave 
functions of Eqs. (20). In the case of the DDS basis, the 
energy eigenvalues take the form similar as in the DS case 
0 01 0 2
1( 1) 2
2
m nZ Zr r§ ·(    :¨ ¸© ¹k k
# , 
0 02 0 2
1( 1) 2
2
m nZ Zr r§ ·(    :¨ ¸© ¹k k
# . (28) 
Thus,  the  DDSs  are  formed  by  two  steps  in  the  case  of  
the forced vibrations. At the first step, the basis of levels is 
created due to the first order electron-vibrational 
interaction. At the second step, the second order interaction 
leads to the broadening of the levels. Finally, taking into 
account the dispersion of acoustic phonon states, we obtain 
the quasi-continuous electron spectrum in the vicinity of the 
DSs [22]. 
IV. CONCLUSIONS 
We describe the mechanism of formation of the VC 
under the action of a strong electromagnetic field in the ac 
Stark effect conditions for the TLDS. To this end, we 
include the electron-photon interaction in the zeroth-
approximation and consider the electron-vibrational 
interaction in the basis of the DSs. In DS basis, the energy 
separation of electron levels is comparable with the 
vibrational energy of reservoir oscillators. As a result, the 
nonadiabatic mixing of the DSs occurs and the PIVSs 
appear. We estimate the contributions of different 
vibrational modes of reservoir oscillators into establishment 
of the PIVC. The strongest VC is achieved by the 
interaction of electrons with optical phonons in the case of 
the exact resonance conditions. If the resonance conditions 
for optical phonons are not satisfied, the VC is reached by 
the forced vibrations of reservoir oscillators. In this case, 
the PIVSs are formed by both the rapid changing of the 
electron density with the Rabi frequency and the coupling 
of the forced vibrations to phonon modes of the reservoir. 
Thus, the case of the forced vibrations is the most general. 
It worth to mention that the coupling of the forced 
vibrations to phonon modes can be used to control the 
energy transfer between the electron subsystem and the 
reservoir [22]. Finally, the obtained PIVSs possess the 
parity feature according to the phonon number of the DSs. 
Since the PIVSs are formed by both the electron-photon 
and electron-vibrational interactions, these states are DDSs. 
We obtain the expressions for the PIVSs in the case of the 
RWA.  The  use  of  the  RWA  means  the  weak  electron-
vibrational coupling in the TLDS. However, there are no 
limitations for defining these states in the case of the strong 
coupling. For this purpose, the generalized RWA may be 
used [20, 24]. 
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APPENDIX A: MATRIX ELEMENTS OF 
ELECTRON-VIBRATIONAL 
INTERACTION OPERATOR 
The matrix element of the electron-vibrational operator 
that has the first order with respect to the displacements 
[see Eq. (7)] for the excited electron state can be readily 
obtained as 
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In Eq. (A1), we use the series expansion of the Texp 
functions and leave the terms up to the first order with 
respect to the displacement operator, ǻ. The non-diagonal 
matrix elements are determined in the same manner as 
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and analogously we find 
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Dividing these matrix elements into two parts, we can 
rewrite  Eqs.  (A1)-(A3)  as  a  sum of  two  contributions  that  
describe the electron-phonon interaction and the interaction 
of electrons and the forced vibrations, respectively. Thus, 
we get Eqs. (11). 
The matrix elements of the second order with respect to 
the displacements [third term of Eq. (7)] can be written as 
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In Eqs. (A4)-(A7), the contributions due to the interaction 
of electrons and the forced vibrations contain the quantity 
fk,s. These contributions are written in Eqs. (24). 
APPENDIX B: ELECTRON-PHONON 
INTERACTION WITH PARITY 
OPERATOR 
The electron-phonon interaction operator in the 
interaction picture, containing the parity operator [see Eq. 
(14)], can be represented utilizing the following relations 
for the phonon and electron operators 
 ^ `  ^ `exp 1 exp 1b b b bit b it  :  3 :  3
   ^ `1exp 1 1b b b bb it   ª º :    3« »¬ ¼ , 
 ^ `  ^ `exp 1 exp 1b b b bit b it  :  3 :  3
   ^ `1exp 1 1b b b bb it    ª º :    3« »¬ ¼ , 
 ^ `  ^ `exp 1 exp 1b b b bxit itV  :  3 :  3
 ^ `exp 2 1 b bx itV  :  3 . (B1) 
In Eq. (B1), we write only relations which contain the 
parity operator. Other relations can be written in the usual 
forms (see Ref. [21]). Therefore, the electron-phonon 
interaction operator reads as 
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To determine the action of the exponential operators in 
Eq. (B2), we expand the exponential function in series and 
take into account the parity of the states.  Thus,  we get  the 
following relations 
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The obtained relations are used in the Schrödinger equation 
to derive Eqs. (16). 
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